Microfluidic designs require the effort to understand the flow pattern depending on the channel geometry. An in-depth analysis based on the theoretical model is presented for the pressure-driven electrokinetic microflows in curved rectangular channels by applying the finite volume scheme with a SIMPLE ͑semi-implicit method for pressure-linked equations͒ algorithm. The external body force originated from between the nonlinear Poisson-Boltzmann field around the channel wall and the flow-induced electric field is employed in the Navier-Stokes equation, and the Nernst-Planck equation is taken into further consideration. Unknown pressure terms of the momentum equation are solved by using the continuity equation as the pressure-velocity coupling achieves convergence. Attention is focused on the geometry effect on the fluid velocity profile at the turn of charged rectangular channels with ranging complementary channel aspect ratios ͑i.e., H / W = 0.2-5.0͒. Simulation results exhibit that the streamwise axial velocity at the turn skews the profile to the inner region of the microchannel. This is due to the stronger effect of spanwise pressure gradient arising from a sufficiently low Dean number. The skewed pattern in the velocity profile becomes greater with decreasing channel aspect ratio as well as degree of the channel curvature. Quantitative predictions for the decreasing velocity due to the electrokinetic interaction were also provided in both cases of shallow and deep microchannels.
I. INTRODUCTION
Understanding the physics of either microfluids or nanofluids involving electrokinetic phenomena is significant for the optimum design of the devices related to lab-on-chips ͑LOCs͒ and micrototal analysis system ͑TAS͒. The Stokes flow in confined spaces is influenced by the electric double layer ͑EDL͒, therefore, its fluid behavior deviates from that described by the laminar flow equation in general. [1] [2] [3] A microfluidic design necessarily requires the effort to consider the flow field condition and flow pattern depending on the channel geometry. The geometry of microfluidic devices can commonly be characterized by a curved rectangular channel.
In conventional tabletop capillary electrophoresis ͑CE͒ units, the microcapillary is usually straight or has a radius of curvature that is much larger than the capillary diameter, so it can be considered essentially straight. As the channel length becomes greater, the ability to affect a separation of solute species is enhanced in view of collecting each band as it is eluted from the channel. However, a CE channel of the same length cannot be etched on a chip of modest footprint without introducing turns. The resolution depends on the applied electric field and a short capillary can lead to unacceptable levels of Joule heating because of the high voltages employed. As a consequence, turns appear to be inevitable in any chip-based CE system. 4, 5 One way in which fluid mechanics can contribute to microfluidic technology is by helping one to understand the role of channel curvature in the axial dispersion of analytes and how channels can be designed to minimize such effects.
In microfluidic devices implying pressure-driven flows, the chromatographic efficiency can therefore be improved by folding the straight separation channel into the shape of a serpentine channel. 6 Curved channels become an indispensable tool in single cell or particle manipulations via the trapand-release mechanism and allow the controllable reaction residence to be required for synthetic applications. 7 Chaotic advection generating passive mixing at low Reynolds number is also achieved by introducing turn geometry, acting to enhance stretching and breaking of the flow. 8 The crosssectional velocity variance is generally greater in curved channels than in comparably straight channels. The ability to quantify the enhanced performance effect arising from the curved channel with multiple turns is clearly pertinent to the rational design and operation of integral components of onchip devices.
The development of the steady electrokinetic flow equation extends previous works 9, 10 to symmetric electrolytes in which the mobilities of anions and cations may individually be specified. Since then, many studies contributed to elucidating the electrokinetic flow behavior, however, those studies were almost confined to an analysis with applying straight channels. [11] [12] [13] [14] [15] [16] [17] [18] Previous works closely related to the present study are those of Chun et al., 15, 16 in which they originally developed the explicit model accompanying the numerical scheme for electrokinetic flow in cylindrical as well as rectangular microchannels. The externally applied body force originated from between the nonlinear PoissonBoltzmann ͑P-B͒ field and the flow-induced ͑streaming potential͒ electric field was implemented in the Navier-Stokes ͑N-S͒ equation of motion associated with the Nernst-Planck ͑N-P͒ equation. This paper addresses the numerical investigation of pressure-driven electrokinetic flows in curved rectangular channels of uniform width that provides quantitative information really useful in designing either channels or devices and their fabrications. Present study conducts microfluidic channels whose dimension is of the order of micrometers, because those are currently widely used for performing chemical and biological analysis. In order to solve the equations relevant to our problem, the SIMPLE ͑semi-implicit method for pressure-linked equations͒ algorithm was employed, which is considered to be the well-established numerical solution technique. 19 The resultant velocity profiles and physical insight are obtained with variations of the channel aspect ratio ͑i.e., ratio of the channel height to the width͒ and geometry curvature with respect to the strength of electrokinetic effect. The influence of the long-range repulsion represented by Debye screening and electric surface potential is also discussed.
II. MODEL DEVELOPMENT OF ELECTROKINETIC MICROFLOW

A. Channel geometry
We first consider a situation for pressure-driven and steady-state electrokinetic flow through a curved rectangular microchannel with a uniform curvature. The geometry of the channel is schematically presented in Fig. 1 . Here, a fluid flows through a microchannel of the width W and the height ͑or, referred to as the depth͒ H that makes a left turn. It is available to transform the toroidal coordinate system to the Cartesian coordinate system, where r = R C + x. The curvature radius R C = dz / d is measured from the axis of curvature, and z is the streamwise distance along the axis of a microchannel.
B. Electrokinetic flow field
When the charged surface is in contact with an electrolyte, the electrostatic charge would influence the distribution of nearby ions. Consequently, an electric field is established and the positions of the individual ions in solution are replaced by the mean concentration of ions. 15, 20, 21 For a uniformly charged rectangular channel, the nonlinear P-B equation governing the electric potential field is given as
The dimensionless electric potential ⌿ denotes ⌳e / kT and the inverse EDL thickness ͑namely, inverse Debye thickness͒ is defined by = ͱ 2n b ⌳ i 2 e 2 / kT. Here, n b is the electrolyte ionic concentration in the bulk solution at the electroneutral state, ⌳ i the valence of type i ions, e the elementary charge, the dielectric constant given as a product of the dielectric permittivity of a vacuum ͑=8.854ϫ 10 −12 C 2 / J m͒ and the relative permittivity for aqueous fluid ͑=78.9͒, and kT the Boltzmann thermal energy at room temperature ͑298.15 K͒. The n b ͑1 / m 3 ͒ equals to the product of Avogadro's number N A ͑1/mol͒ and bulk electrolyte concentration ͑mM͒. The Boltzmann distribution of the ionic concentration of type i ͓i.e., n i = n b exp͑−⌳ i e / kT͔͒ provides a local charge density ⌳ i en i . We determine the net charge density e ͓ϵ͚ i ⌳ i en i = ⌳e͑n + − n − ͔͒ as follows:
As displayed in Fig. 1 , the constant-potential surface boundary conditions ͑i.e., Dirichlet type͒ are imposed on each side of the channel wall. The velocity field for a Newtonian fluid at the steady state obeys the N-S equation,
where and are the density and viscosity of the fluid, respectively. Let us consider the incompressible laminar flow through the channel with the toroidal coordinates shown in Fig. 1 . Once the channel is straight and its wall is uncharged ͑i.e., inert͒, the velocity profile is described by the Stokes equation of motion simply given by ٌ 2 v = ٌp. Since the end effects are negligible ͑i.e., ‫ץ‬ / ‫ץ‬ =0͒, both the velocity of ionic fluid and the pressure are expressed as v = ͓v r ͑r , y͒ , v y ͑r , y͒ , v ͑r , y͔͒ and p = p͑r , y , ͒, respectively. Neglecting gravitational forces, the body force F per unit volume ubiquitously caused by the -directional action of flow-induced electric field E on the net charge density e ͑r , y͒ can be written as F = e E . It is acceptable that the spanwise dependence of the flow-induced electric field is much smaller than its streamwise axial dependence. Then, E ͑͒ is defined by the flow-induced streaming potential as E =−d͑͒ / d. With these approximations, the N-S equation readily reduces to : ͩv r ‫ץ‬v ‫ץ‬r
͑6͒
In Eq. ͑6͒, the fluid velocity is coupled with the flow-induced streaming potential . We assume that no-slip boundary conditions are applied to each wall of the channel. Utilization of the Cartesian coordinates depicted in Fig.  1 leads to the following:
͑9͒
We substitute Eq. ͑2͒ into Eq. ͑9͒ and then employ the following nondimensionalized parameters:
where d h is the hydraulic diameter and o is the reference electric potential. Then, one obtains the nondimensionalized equations of motion, such that
C. Net current conservation
In order to analyze the velocity profile, the net current conservation ͑i.e., ٌ · I =0͒ is applied in the microchannel taking into account the N-P equation. From the transport of i ions in the channel, the ionic flux in terms of a number concentration ͑with dimension of 1 / m 2 s͒ is possible to describe as
where each term gives the contribution due to convection, diffusion, and migration resulting from the pressure difference, concentration gradient, and electric potential gradient, respectively. [23] [24] [25] Here, D i is the diffusivity of ion species i, and the mobility K i corresponding to D i / kT is defined as its velocity in the direction of an electric field of unit strength.
Ions in the mobile region of the EDL are transported along with the flow through the channel length L, commonly inducing the electric convection current ͑i.e., streaming current͒ I S for arbitrary cross section ͑=͐ Area e v z dA͒. The accumulation of ions sets up an electric field E z with the streaming potential difference ⌬͑=E z L͒. This field causes the conduction current I C ͑=⌬ / R ͒ to flow back in the opposite direction, where the total resistance R = ͑R s −1 + R f −1 ͒ −1 along the microchannel consists of the surface resistance R s and the fluid resistance R f in parallel, expressed as
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Here, s indicates the specific surface conductivity depending on the material property of channel wall and f indicates the local fluid conductivity. The subscripts T, B, R, and L correspond to top, bottom, right, and left-sided wall of the inner channel, and subscripts + and Ϫ of the ionic number concentration n i denote the cations and the anions, respectively. The total resistance can be identified as
In this case, the net current I consists of I S and I C , and it should be zero at the steady state, viz., I ϵ I S + I C = 0. After complicated procedures, the streaming potential can finally be derived as follows:
e ͑x,y͒v z ͑x,y͒dxdy. ͑18͒
III. COMPUTATIONAL METHODS
As a first step, the electric potential is obtained by solving the nonlinear P-B equation based on the finite difference method ͑FDM͒, of which basic procedures are analogous to the previous work. 15 Given constant-potential boundary con-
at y = 0, and ⌿ = ⌿ s,T at y = H, the five-point central difference method is taken on the left-hand side of Eq. ͑1͒. The sinh ⌿ on the right-hand side can be linearized with the Taylor formula as sinh
where k means the iteration index and the grid indices l and m =1,2, ... ,N. With rearrangement, the finite difference form of the nonlinear P-B equation becomes
where ␥ = ͑⌬x / ⌬y͒ 2 . Equation ͑19͒ can be solved for ⌿ l,m k+1 by successive under-relaxation iterative calculation, using the value of ⌿ obtained in the kth iteration. The electric potentials ⌿ at four corners are dummy values, which do not affect the solution of the P-B equation. The electric potential is obtained from a series of algebraic equations expressed in a matrix form.
The fluid velocity profile can be computed by solving the aforementioned N-S equation of Eqs. ͑7͒-͑9͒ together with charge conservation of Eq. ͑18͒ derived from N-P principle. In this procedure, the axial pressure gradient ‫ץ‬p / ‫ץ‬z is constant in the z-momentum equation due to the fully developed flow, but p͑x , y͒ is still unknown. Thus, the continuity equation ͑cf. ٌ · v =0͒ is necessary for pressure correction. The well-established SIMPLE algorithm represented by the finite volume method was employed in this study to solve the unknown pressure terms of the N-S equation by using the continuity equation as the pressure-velocity coupling. Since the detailed discussion of the SIMPLE is available in the literature, 19 its major features are briefly described here. The procedure starts with the calculation of the velocity components from the N-S equation with guessed pressure fields. Then, the correction values for velocity and pressure fields are estimated by solving the continuity-satisfying velocity fields in the discretized N-S equation. By using these values, the velocity and pressure corrections are achieved. We repeat the sequence of operations until the convergence is guaranteed. Each of the finite volume discretized form for the velocity components is derived from Eqs. ͑13͒-͑15͒. Note that the staggered grid is adopted when the procedure comes to treat x and y components of the N-S equation and the continuity equation, whereas it does not need to solve the z-momentum equation due to the constant axial pressure gradient. The staggered grid is half-node shifted from the original grid for momentum equation, which prevents the failure of pressure estimations and assures more accurate calculations by involving both original and staggered grids.
After the grid convergence test to yield satisfactory accuracy level, the computational domain is discretized into 151ϫ 151 equally spaced grid points in both x and y directions. A fine grid with 351ϫ 351 points is employed for the case of very thin EDL thickness ͑i.e., −1 = 9.7 nm͒, because its potential profile is very steep near the channel wall. Convergence criteria are specified with the relative variation between two successive iterations to be smaller than the preassigned accuracy level of 10 −8 . The convergence is so fast even for small −1 . It is evident that iterations required for the variables to achieve convergence depend on the channel size. For example, while 100-200 iterations were enough for the channel with 5 m wide and 5 m deep, the number of iterations increased to the extent of 5 ϫ 10 3 or more for that with 80 m wide and 80 m deep. The under-relaxation coefficients were chosen as 0.7 and 0.3 for the momentum and continuity equations, respectively.
IV. RESULTS AND DISCUSSION
Illustrative computations are performed considering the 1:1 type electrolyte of KCl fluid ͑ =10 3 kg/ m 3 , =10 −3 Pa s͒ with applied pressure drop ͑⌬p / L͒ of 1 bar/m. From the molar conductance of infinite dilution relevant to the problem of ion migration, 26 the individual mobilities of ions K i in aqueous solutions at room temperature are estimated as 7.91ϫ 10 −13 and 8.19ϫ 10 −13 mol s / kg for K + and Cl − , respectively. A 5 m square microchannel ͓cf. hydraulic radius R h = HW / ͑H + W͒ = 2.5 m͔ with W / R C = 0.5 is chosen as the prototype channel, where each side of the wall is specified by assuming the uniform surface potential ⌿ s .
A. Strength of electrokinetic effect
We consider both conditions of electrokinetic interaction as the low and high strength. The electrokinetic strength is originated from electrostatic repulsion in accordance with the variations of the EDL thickness and the electric surface potential. An increase in electrostatic repulsion is obtained by either thickening the EDL or increasing the surface potential. Since the EDL thickness −1 in nm of 1:1 type electrolyte is expressed as ͓fluid electrolyte concentration ͑M͔͒ −1/2 / 3.278, each value of the EDL thickness −1 has 9.7, 96.5, 682, and 965 nm for KCl electrolyte of 1.0, 10 −2 , 2ϫ 10 −4 , and 10 −4 mM. We have taken −1 = 9.7 nm ͑i.e., dimensionless inverse EDL thickness R h = 257͒ and dimensionless surface potential ⌿ s = 1.0 ͑i.e., s = kT / e = 25.7 mV͒ for low electrokinetic strength, and −1 = 965 nm ͑i.e., R h = 2.6͒ and ⌿ s = 2.0 ͑equals 51.4 mV͒ for high electrokinetic strength. −1 = 965 nm corresponding to 10 −4 mM of KCl electrolyte is nearly similar to a state of the de-ionized and distilled water.
As shown in Fig. 2 , the potential decreases as it gets far from the surface of the channel wall, where the electric potential profile moves toward the center region as −1 increases ͑cf. decreasing electrolyte concentration͒. Note that Fig. 2 agrees well with an analytical solution to DebyeHückel ͑D-H͒ approximation, which can be obtained using a separation of variables technique subject to the constantpotential boundary conditions. In the potential profile for ⌿ s = 2.0, an increase in the repulsive screened interaction with increasing surface potential is more dramatic for lower electrolyte concentration, though its figure is not provided here.
B. Spanwise pressure gradient and skewed velocity profile
To demonstrate the feasibility of the axial independency of the fluid velocity ͑i.e., ‫ץ‬V z / ‫ץ‬Z=0͒, Fig. 3 addresses a three-dimensional profile of the axial velocity at several cross sections in the entire curved channel. Axial velocity profiles at the horizontal cut ͑i.e., at H / 2͒ along the streamwise direction are not changed except at the entrance of the curved region ͑i.e., Ͻ 15°͒. It allows us to figure out that the microflows with the present conditions rapidly approach to a fully developed state at the turn after a short span of inlet flow. Hence, the axial independency of the fluid velocity is valid in our situation. Figure 4 shows the axial velocity as well as the streamline contours in the transverse section ͑i.e., r and y directions͒ of the curved channel at = 90°. It can be seen that the axial velocity profile is skewed into the inner side of the curved channel and the counter-rotating flow motion has occurred above and below the plane of symmetry, as reported in the literature. 2, 27, 28 The secondary cross-sectional flow field perpendicular the flow direction gives a Dean flow. Here, the stream function S is defined as v y =−͑1 / r͒͑‫ץ‬S / ‫ץ‬r͒ and v r = ͑1 / r͒͑‫ץ‬S / ‫ץ‬y͒. Recognizing the -component of the vorticity vector w = ٌ͓ ϫ v͔ = ͑‫ץ‬v y / ‫ץ‬r − ‫ץ‬v r / ‫ץ‬y͒, it is obtained for rectangular coordinates after some rearrangement of terms that
Unlike the behavior of a pressure drop in straight channels, it is not uniformly distributed along the spanwise direc- 
052004-5
The geometry effect on steady electrokinetic flows Phys. Fluids 22, 052004 ͑2010͒ tion of a curved channel. This phenomenon results from a difference of the flow path between the inner and the outer walls of a curved channel. In Fig. 5 , the fluid in the inner region ͑arc AB͒ of a curved channel passes through a shorter distance than the fluid in the outer region ͑arc AЈBЈ͒.
To figure it out, we computed velocity distribution as well as pressure gradient along the spanwise direction provided in Figs. 6͑a͒ and 6͑b͒, presenting no difference in normalized profiles between the conditions of low and high electrokinetic strength. The magnitude of the spanwise velocity is smaller in the order of 10 −5 ϳ 10 −7 than that of the axial velocity, verifying the aforementioned assumption of purely streamwise dependence of the flow-induced electric field ͓i.e., ‫⌰ץ‬ / ‫ץ‬Z in Eq. ͑15͔͒. In principle, the pressure gradient in the plane perpendicular to the channel axis is balanced to the inertia by a centrifugal force. Besides the Reynolds number ͑Re= 2R h ͗v z ͘ / ͒, the Dean number ͑De =Re ͱ W / R C ͒ is used to quantify the inertial force in curved channels. 2 Very low values of Re and De ͑i.e., Re= 3.5 ϫ 10 −4 , De= 2.5ϫ 10 −4 ͒ in Fig. 4 affirm that an effect of the spanwise pressure gradient is dominant over the inertial force, and the resulting axial velocity profile is skewed into inner region of the curved channel with the attenuated secondary motion. If the inertial force plays a significant role as Re or De gets higher enough, the axial velocity profile becomes skewed into the outer wall as typically observed in the narrow-bore channels with a hydraulic diameter d h above millimeter.
The spanwise pressure gradient depends on the degree of 
052004-6
Yun, Chun, and Jung Phys. Fluids 22, 052004 ͑2010͒ curvature in curved channels. Figure 7 shows the effect of the curvature ratio W / R C upon the axial velocity profile with different curvature radii R C for constant channel dimension.
As the curvature ratio increases, resulting in a rapid turn, the axial velocity at H / 2 reveals that a symmetrical parabolic profile should undergo a change into the skewed one toward the inner wall of the curved channel. This feature is due to a higher pressure gradient exerted by a larger difference of the flow path between outer and inner walls, as mentioned above. Figure 7 demonstrates also how the velocity in curved channel is reduced with variations of the electrokinetic effect by comparing with the inert flow field in the straight channel ͑W / R C → 0͒. It is evident that the axial velocity decreases with increase in the electrokinetic interaction due to electrostatic repulsion. The electrokinetic effect causes the observed velocity to be different from the case of inert flow and results in the apparent viscosity of electrolyte solution app , from which the velocity reduction is related to the electroviscous effect estimated as app / inert = v inert / v. Here, an analytical solution to the Poiseuille flow problem for a straight channel of rectangular cross section can be obtained by applying the Fourier series expansion and no-slip boundary conditions, as given 
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C. Complementary aspect ratios of rectangular channel
Figures 8͑a͒-8͑c͒ demonstrate how the velocity profile changes for the microchannels of reciprocal aspect ratios ͑i.e., H / W = 0.2 and 5.0 as the case of shallow and deep channels, respectively͒. Comparing Figs. 8͑a͒ and 8͑b͒ shows a different profile of the axial velocity, although its mean velocity is estimated to be a same value. For the uniform channel width, once the variations of channel aspect ratio are acquired by changing a channel height, the higher channel aspect ratio gives the larger channel dimension. The velocity profile for H / W = 5 with different channel dimension ͑i.e., H =25 m, W =5 m͒ is also provided in Fig. 8͑c͒ . Its shape of velocity profile is exactly identical to the channel with the same H / W ͓Fig. 8͑b͔͒.
In order to examine the effect of channel aspect ratio H / W for uniform W, axial velocity profiles at the vertical and the horizontal cuts are compared, where both the channel dimension and De are applied as tabulated in Table I . Increasing De according to a higher channel height leads to increasing the axial velocity and the inertial force, but the inertial force is hardly affected because De is less than 1. In Fig. 9 , we compare the normalized velocity profiles, owing to the different channel dimension. As the channel height decreases ͑i.e., H / W gets lower͒, the axial velocity profile becomes horizontal by spreading to both sides of the wall and the portion of the maximum axial velocity is clearly forced to the inner wall. This feature results from the fact that, in the case of lower H / W, the greater distance traveled by the fluid along the outer wall further broadens the profile. The normalized profiles in Fig. 9 do not depend sensitively on the magnitude of electrokinetic strength. Figure 10 shows that the vertical cut of axial velocity profiles with various aspect ratios can reveal the effect of a wall interaction in the rectangular channel. An effect of the channel wall is obvious in the case of smaller H ͑ϽW͒, where H corresponds to a distance between top and bottom of the channel. By increasing the channel height, however, the parabolic profile changes to a more flat profile caused by top and bottom walls separating wider, where the flat profile reaches closely toward each wall.
In order to consider the electrokinetic effect due to electrostatic repulsion, the axial velocity profiles at different vertical positions are computed for two channels having complementary aspect ratios ͑H / W = 0.2 and 5.0͒, as presented in Figs. 11͑a͒ and 11͑b͒. Three positions were selected along the y axis spanning bottom wall ͑y =0͒ to center ͑y = H / 2͒. The velocity decreases in accordance with the increasing electrokinetic interaction, in which an increase in the long-range electrostatic interaction involves either highly charged surfaces with higher surface potential or weaker screening with larger EDL thickness. In the shallow channel ͓H / W = 0.2, Fig. 11͑a͔͒ , the extent of decreasing of axial velocity due to the electrokinetic interaction is held constant along the vertical axis without position dependency. The deep channel ͓H / W = 5.0, Fig. 11͑b͔͒ shows different features compared to the case of shallow one. The decrease in velocity in the stronger electrokinetic interaction, which is depending on the vertical position, becomes strengthened as the position approaches close to the wall.
Although the current work does not involve the transient flow behavior, it is motivated by the flow through a channel taking quite a few turns designed with either a nonuniform curvature or a nonparallel geometry. With respect to further works, there are extensions toward the axial dependency of the fluid velocity and the effect of an inertial force. The transport behavior in the situation in which the inertial force plays a role should be considered for an accurate control of the flow and dispersion.
V. CONCLUSIONS
Microfluidic flows in rectangular channels play an essential role upon the performance in the TAS directly related to the LOC. The curved channel is frequently encountered in the LOC system because it provides a convenient scheme for increasing the effective channel length per unit chip length in the direction of net flow. In this study, the pressure-driven electrokinetic flow in curved rectangular microchannels was explored by extending previous works relevant to the straight channel.
Based on a theoretical model coupled with P-B, N-S, and the principle of net charge conservation, the numerical framework was developed by employing the finite discretized scheme with SIMPLE algorithm. When the effect of spanwise pressure gradient overwhelmed the inertial force, which can occur in common microfluidic devices with a low Dean number, an inward skewness was observed in the axial velocity profile with an attenuated secondary motion. The skewed pattern becomes greater with increasing a degree of the channel curvature W / R C and decreasing channel aspect ratio H / W. As H / W gets lower, the greater distance traveled by the fluid along the outer wall further adds horizontally broadening of the profile. The vertical cut of axial velocity profiles revealed that the parabolic profile changes to a more flat one by increasing the separation between top and bottom walls, where the flat profile reaches closely toward each wall. The decreasing rate of axial velocity due to a stronger electrokinetic interaction ͑i.e., either higher ⌿ s or larger −1 ͒ is held constant along the vertical axis in the shallow channel, whereas the decrease in velocity becomes remarkable in the deep channel as the vertical position approaches close to the wall. 
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